The evolutionary advent of uterine support of embryonic growth in mammals is relatively recent. Nonetheless, striking differences in the earliest steps of embryogenesis make it difficult to draw parallels even with other chordates. We suggest that use of fertilization as a reference point misaligns the earliest stages and masks parallels that are evident when development is aligned at conserved stages surrounding gastrulation. In externally deposited eggs from representatives of all the major phyla, gastrulation is preceded by specialized extremely rapid cleavage cell cycles. Mammals also exhibit remarkably fast cell cycles in close association with gastrulation, but instead of beginning development with these rapid cycles, the mammalian egg first devotes itself to the production of extraembryonic structures. Previous attempts to identify common features of cleavage cycles focused on post-fertilization divisions of the mammalian egg. We propose that comparison to the rapid peri-gastrulation cycles is more appropriate and suggest that these cycles are related by evolutionary descent to the early cleavage stages of embryos such as those of frog and fly. The deferral of events in mammalian embryogenesis might be due to an evolutionary shift in the timing of fertilization.
The demands on frog or Drosophila eggs, which are deposited in the environment to fend for themselves, are very different from the demands on a mouse egg, which is held in a protective and nutritive environment. Frog and fly eggs need to produce a feeding animal with the reserves within the egg. This produces a cascade of problems and solutions that appears to have become an integral part in the early developmental programs of freely developing organisms [1] . The first problem is to produce a whole feeding organism from an egg. The solution is to make eggs especially large cells to provide adequate reserves. The second problem is that the single allotment of DNA in an egg does not have the capacity to rapidly change the composition of RNAs in the huge cytoplasm of the egg. The solution is to use maternally encoded gene products and to quickly amplify the number of nuclei to provide a transcriptional output that is adequate for the developmental events to come.
The mammalian egg is faced with the very different task of developing a machinery to take advantage of the nutritive environment in which it is located. Thus, it develops extraembryonic tissues for interaction with the uterus and, in doing so, defers the events of early development. Mammalian eggs lack the massive maternal contributions of freely developing eggs, and development begins at a more leisurely pace based largely on zygotic synthesis of components. There is no obvious reason that the mouse egg would need to have especially rapid cleavages, except that a mammal may well rely on developmental programs that evolved during the more than 250,000,000 years of metazoan evolution that preceded the appearance of mammals.
Rapid cleavage cycles are found in all major metazoan phyla, including chordates. Nonetheless, the mammalian embryo begins development with slow divisions and shows rapid cell cycles only at a later stage. Because they do not immediately follow fertilization, these later rapid cycles in mammals are not ordinarily considered homologous to early cleavage cycles of other embryos. Here, we suggest that fertilization should not be used to align the developmental program of mammals with that of other organisms. Instead, when the highly conserved events surrounding gastrulation are aligned, the rapid division cycles of the mammalian embryo come into correspondence with the cleavage cycles of other metazoan embryos. We summarize evidence suggesting that the mammalian rapid cycles are homologous to the rapid cleavage cycles of other metazoans.
The alignment of embryonic events that we advocate emphasizes that the post-fertilization events of mammalian development begin with the generation of a trophoblast, the key contributor to the mammalian placenta. This process appears to have no analog in the post-fertilization events of non-placental vertebrates. We suggest that these steps may have had an evolutionary precursor in events that contribute to oogenesis in other species. If one considers the maternal events in the oocyte lineage and the zygotic events that follow fertilization as a continuum, a shift in the timing of fertilization with respect to other events occurring in this lineage could shift processes from maternal to zygotic control, or vice versa. We propose that, during the evolution of mammals, fertilization was advanced to an earlier stage such that events that occurred late in the cell lineage of the oocyte in the progenitors of mammals were displaced and modified to become the earliest events of post-fertilization development in mammals. egg undergoes 13 embryonic cycles in 2 hours with a progressive lengthening of the cycles from 8.3 to 23 minutes [3] . In contrast, proliferating larval tissues have about an 8 hour cell cycle time [4, 5] .
Second, embryonic cleavage cycles occur without growth, so that cells become progressively smaller. Indeed, this is inevitable, as the embryos have no outside source of nutrition. The progressive reduction in size of cells stands in contrast to most cell cycles, wherein cells grow prior to division to roughly maintain size constancy during proliferation [1, 6, 7] .
Third, the cleavage cycles appear to lack the gap phases that usually intervene between mitosis and S phase, and between S phase and mitosis. Whereas the very first mitotic cycle following fertilization has a short G2 phase in frogs and perhaps also in Drosophila [8] , the subsequent phases have no detectable gap phases [9, 10] . In other words, the very short interphases consist exclusively of S phase. Replication of the entire 1.8·10 8 base pair (bp) genome of Drosophila and the 1.7·10 9 bp genome of Xenopus [11] is completed in as little as 3.4 and 15 minutes, respectively. This remarkable feat is achieved by the use of many more origins of DNA replication than are active in longer cell cycles [12] [13] [14] [15] .
Fourth, the embryonic cell cycles of frogs and flies rely on maternally deposited products and can run in the absence of transcription of the zygotic genome. Thus, cell cycle transitions and the regulation of these transitions are independent of transcription.
Fifth, the early cell cycles of Xenopus and Drosophila appear to lack certain checkpoint controls that ordinarily coordinate progression through the various cell cycle events. Thus, whereas cells from diverse sources (different species, tissues, or cell lines) arrest cell cycle progress when DNA synthesis is blocked, cells progress to mitosis with catastrophic consequences, when DNA replication is blocked by aphidicolin in Xenopus and Drosophila embryos [16] [17] [18] [19] . As a result of these observations, it was initially concluded that the early cycles lacked the checkpoint controls required to arrest the cells. Newer observations suggest that some checkpoint mechanisms are in place, but in some species are too weak to enforce an arrest [19, 20] (see below). The abovedescribed cycles are followed by gastrulation in fly and frog and slower cell cycle times [3, 2] . It has been reasoned that early cycles rapidly generate the cells that become fodder for gastrulation and creation of the body layers. Additionally, the exponential increase in the transcriptional capacity has been suggested to be important for the switch to control by zygotic transcription, which occurs in parallel with the completion of the early rapid cycles. Annelids: During the first seven stages of embryogenesis in the leech, Helobdella triserialis, early blastomeres contain short cell cycles that lack G1 phases. Following these divisions, primary blast cells cycle, still without a G1 phase, but with a much longer G2 phase [22] .
Fast Embryonic Cycles Exist in All Major
Echinoderms: In the sea urchin, Paracentrotus lividus, the first four division cycles are synchronous in all blastomeres and last approximately 30 minutes each. The mitotic index in these embryos is high during the blastula stage (60% of cells are in mitosis in 6 hour old blastulae) and drops dramatically before hatching (11% in hatching blastulas), suggesting a lengthening of interphase [23] . These events precede gastrulation and the overall pattern is consistent with sea urchins exhibiting fast cycles before gastrulation.
Nematodes It should also be emphasized that the model organisms that we know best are not fully representative. Drosophila exemplifies a very successful late branch of arthropod evolution, the long-germ-band insects. Other Arthropods exhibit a more basal developmental mode that is more easily related to events in other phyla. In short-germ-band insects and crustaceans, only the anterior part of the body plan is patterned at the onset of gastrulation and a proliferative group of posterior blast cells supplies cells that build successively more posterior body regions [36]. Thus, whereas a dramatic transition in cell cycle marks the end of the cleavage cycles, local rapid proliferation remains a feature of embryos at gastrulation and later.
Are Mammals Exceptions?
The early cycles following fertilization of the mammalian egg are not unusually fast and appear to resemble more canonical cell cycles. In the mouse, the first cell cycle is long -the fertilized egg reaches the 2-cell stage at 1.5 days post-coitum (dpc). The next four cell cycles average about 12 hours each leading to the 32 cell early blastocyst at 3.5 dpc [37]. Cell cycles from the early blastocyst stage to implantation of the late blastocyst (~120 cells) take on average about 24 hours. The duration of these cycles is not only comparable to that of typical proliferating cell populations, the cycles also include features lacking in early cleavage cycles. The early mouse cycles have a G1 and a G2, they arrest in response to aphidicolin inhibition of DNA replication and they exhibit a radiation-induced arrest in G2 ([38], see below). As the post-fertilization cycles have little in common with the early cleavage cycles of Drosophila or frogs, it is a widely held view that the fast cycles of model organisms are not relevant to mammalian embryonic cell cycle regulation. We agree that the postfertilization cycles differ, but nonetheless suggest that there are mammalian cell cycles that are homologous to the rapid cleavage cycles of the model organisms, only that these cell cycles are at a different stage.
Aligning Development
There is a discontinuity in the manner in which development of mammals is aligned with that of other organisms. While the earliest stages are aligned based on the use of fertilization as a reference point for the beginning of development, other common features of embryonic patterning have led to an independent alignment of embryogenesis at later stages. The latter is based on remarkably conserved features of morphology, patterning events and expression of conserved genes.
As noted by von Baer and emphasized by Haeckel more than a century ago [21] , all vertebrate embryos look remarkably similar after the establishment of body axes, neurulation and the beginning of somite formation ( Figure 1A) . Similarly, the analysis of embryos of diverse arthropods has identified remarkable similarities after establishment of the body axis, production of a ventral nerve cord and initiation of segmentation [39,40]. This stage has been referred to as the phylotypic stage, because all of the organisms within a phylum appear to resemble each other at this stage. However, at this stage the similarities are not only apparent within a phylum, but also between phyla. Thus, the body plans of arthropods and vertebrates share features such as a central nerve cord, relative position of yolk, gut and nerve cord, and subdivisions along the anterior posterior axis (somites and segments; Figure 1 ). These morphological parallels are reinforced by parallels in patterns of expression of important determinants of developmental fate (see below). Perhaps we should expect such similarities across phyla at this stage. Just as conserved domains can be recognized in distantly related protein sequences, it is the conserved steps of development that can be most easily recognized in the embryos of distantly related organisms. We argue that, just as the alignment of distantly related proteins is based on conserved domains rather than simply aligning the sequences starting at the amino terminus, so the alignment of distantly related developmental programs ought to be based on alignment of the most conserved stages.
Whereas embryo morphology and size are remarkably conserved at the phylotypic stage, it is commonly recognized that morphology diverges at later stages, as species specific anatomy develops [41]. Furthermore, as the phylotypic stage is the most conserved stage, it should not be a surprise that earlier embryos also show a more highly diverged morphology (Figure 1) . Indeed, as one examines progressively earlier stages, homologies between species become gradually less evident.
For example, the similarity of neural tube formation via a neural fold is clearly evident in diverse chordates, but central nerve cord formation in other phyla occurs in different ways. Even within chordates, however, the parallels in development become less evident at even earlier stages. Challenging mental gymnastics are required to draw parallels between the gastrulation movements of fish, frog, chick and mouse and the parallels at pregastrulation stages are not clear. Nonetheless, molecular studies and patterns of gene expression have shown that extensive parallels do exist.
Molecular analyses have detected parallels in the gastrulation processes of organisms belonging to different phyla. In organisms from Drosophila to human, a conserved set of genes encodes an extracellular signaling pathway that governs dorsal/ventral patterning of the embryo. In this pathway, a BMP type of signaling molecule acts as a ventralizing signal in vertebrates, and, due to a switch in spatial reference-points and hence names, as a dorsalizing signal in arthropods [ While the details of the conservation and mechanism of action of the pattern forming genes are of tremendous importance, we wish to emphasize here their utility in aligning analogous stages of the development of different groups. The BMP signaling cascade in Xenopus acts very early, as the egg is undergoing the rapid cleavage cell cycles. The onset of localized expression of Goosecoid and Brachyury precedes gastrulation slightly and persists as a distinctive mark during gastrulation [53]. In species from echinoderms to mice, the expression of these genes shows a similar association with gastrulation [53-57]. Notably, these genes are not expressed in mammalian blastocysts, which are often presented as the analog of the frog blastula (Figure 1,2) . Instead, they are expressed in the egg cylinder stage just prior to the onset of gastrulation in mouse (Figure 2; [58] ). It has been argued by several authors that the common roles and expression patterns of these genes are the result of evolutionary conservation, or evolution by descent [59-61]. We infer from this that the stage of mammalian embryogenesis that is analogous to the frog blastula and the Drosophila blastoderm is the pregastrulation stage, at which all of these conserved features of patterning occur. Mouse gastrulation occurs at the egg cylinder stage (6.5 dpc) [37] . Thus, it is the egg cylinder stage that is analogous to the frog blastula and fly blastoderm.
In reviewing the mechanisms involved in embryonic axis specification in Chordates, Eyal-Giladi similarly concluded that the mammalian blastocyst is not the analog of the blastula [62] . She argues that 'the homology of the It should be noted that gastrulation in the mouse is often considered to begin with the separation of primitive endoderm from the epiblast around 4.5 dpc. However, the primitive endoderm is homologous to the hypoblast, an extraembryonic tissue. For comparison with other systems we use the more widely accepted definition of gastrulation based on the formation of the embryonic germ layers. In mouse, this occurs in conjunction with primitive streak formation at day 6.5. Given this alignment of embryogenesis, should we look for the mammalian analog of the cleavage stages just before gastrulation or should we look almost a week earlier, immediately after fertilization? We have used gastrulation as our reference. , will gastrulate into a space between the animal cap and a subpopulation of vegetal cells, which are proposed to be analogous to the hypoblast cells [62] . The cavity into which human epiblast will gastrulate is, therefore, equivalent to the blastocoelic cavity of chick and frog, but is not named as such. Rather, the yolk vesicle that lies beneath the hypoblast is referred to, incorrectly we propose, as the cavity of the blastocoel. Figure 2) . Primitive endoderm will further differentiate into parietal endoderm and visceral endoderm. At the egg cylinder stage, epiblast cells will migrate during gastrulation into the space between the epiblast and visceral endoderm (hypoblast equivalent). This is therefore equivalent to the space between epiblast and hypoblast into which epiblast cells move during gastrulation in chicken and humans (Figure 2) . Embryonic ectodermal cells of the epiblast exhibit rapid division cycles prior to gastrulation, just as nuclei of Drosophila syncytium exhibit rapid divisions prior to cellularization and gastrulation. We do not wish to propose a one-to-one alignment of the fly developmental stages (left) to mouse developmental stages (right). Rather, we propose an alignment at gastrulation in accord with other authors, and suggest the absence of correspondence at fertilization. While we depict an approximate alignment of early stages, we expect that divergence at stages distant from the phylotypic stage has altered the coordination of different events to the point that precise alignment will change depending on the criterion used to assess developmental stage. Nonetheless, this alignment differs significantly from prior alignments at the stage of fertilization in flies and mice. (Figures adapted from [88 
Peri-Gastrulation Cycles Show Features of Fast Embryonic Cycles

This (incorrect) nomenclature correlates with the (incorrect) alignment of the human blastocyst (top row) with chick and frog blastulae (bottom row). We draw an additional parallel in the migration of hypoblast cells (pale yellow) to form the yolk sac that surrounds the yolk vesicle (in humans) and the yolk (in chick). In an analogous process, cells of the primitive endoderm (yellow), which are equivalent to the hypoblast in mouse (
In the mouse (right), the fertilized egg (green and blue striped) splits into extra-embryonic lineages (green) and the inner cell mass (ICM; dark blue), which will subsequently shed additional rounds of extra-embryonic lineages (yellow) as well as produce the embryonic epiblast (light blue). Early specified extra-embryonic lineages (green) include the trophoblast cells, which endoreplicate like the nurse cells of Drosophila. Extra-embryonic primitive endoderm (yellow in late blastocyst stage), which delaminates from ICM is equivalent to the hypoblast of chick and human (yellow in
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New Evidence of Parallels Between the Cleavage Cycles of Frog and Fly and Peri-Gastrulation Cycles of Vertebrates
The repair of DNA damage is tied to progression through the cell cycle. In species from yeast to human, genes have been characterized that arrest progress of the cell cycle to mitosis when DNA is damaged [66] . This coupling gives cells the opportunity to repair the damage prior to irrevocable genetic damage. In all species examined, the genes coupling cell cycle progression to DNA damage are dispensable for undisturbed cell cycle progression -at least in most cycles. Indeed, the genes in this regulatory pathway are the quintessential checkpoint genes -genes whose ability to modulate cell cycle progression is thought to be engaged only when events go awry, as would occur upon irradiation. A highly related checkpoint pathway senses the completion of DNA replication and prevents inappropriate, premature progress to mitosis. Again these genes are generally dispensable in undisturbed cell cycles.
In In vitro studies in a cycling Xenopus extract paralleled findings in the intact embryo in that blocking DNA replication did not block cycling as assessed either by oscillations of cyclin/Cdk kinase or by entry of nuclei into M phase [19] . However, when the density of nuclei in the extract was increased, the cycling of the extract became dependent on replication [70] . It was inferred that the extract, and presumably the embryo, is capable of coupling mitosis to S-phase but that the signal generated at the very low nuclear to cytoplasmic ratio in the early embryo was not sufficient to inhibit progress to mitosis. Other findings are also consistent with a quantitative interpretation.
Xenopus embryos and the cycling extracts also appear to lack a spindle checkpoint, as the use of drugs blocking spindle formation does not prevent exit from mitosis. However, when the nuclear density was increased in the extract, a drug-induced arrest of mitosis became evident, as was seen in the case of the replication checkpoint. This arrest depends on gene products homologous to those acting in checkpoint regulation of mitotic progression in yeast [67] .
In Drosophila, it was found that aphidicolin inhibition of S-phase during embryonic cycle 11 or 12 briefly delays the subsequent mitosis [20] . This suggests that the early embryos do have a mechanism that can delay mitosis when replication is incomplete. The transient nature of the block suggests that the mechanism might not have the quantitative ability to fully block the activators of mitosis present during these stages. In addition to these indications of weak checkpoint activity in the models that had originally suggested an absence of checkpoints, there is full-fledged checkpoint activity in some systems. Disruption of the spindle in Drosophila embryos arrests cleavage nuclei in metaphase, clam embryos exhibit checkpoint arrests in response to both microtubule depolymerizing drugs and inhibitors of DNA replication, and sea urchin embryos arrest in response to inhibitors of DNA replication [25, [71] [72] [73] . Thus, it now appears that checkpoint pathways are present during cleavage cycles.
Drosophila mutants in the checkpoint genes mei-41 (ATM/ATR) and grapes (Chk1) are viable, but they are maternal effect lethals, i.e. mutant adult females give no or few progeny [20, 68, 74] . Embryos from mutant mothers show severely defective cell cycles by the time of mitosis 12. Because the requirement for these functions is seen in the absence of any perturbation, this finding indicates that control of the early cycles is distinct from that of other cell cycles. It is unclear why undisturbed rapid divisions should require checkpoint activities. In cycles without the leeway provided by a G2-phase, these functions are perhaps needed to ensure that mitosis does not initiate until after DNA synthesis is completed [20, 74] . Alternatively, the unusually fast mitoses perhaps rely on this pathway to serve a different role that ensures the proper order and timing of mitotic events [69] .
Regardless of the mechanism that underlies the unique requirement for these checkpoint genes during the early cleavage stages of Drosophila, it is striking that the mouse embryo exhibits a similar requirement at the time of the rapid peri-gastrulation divisions. Analysis of mouse mutations in ATR and Chk1 shows that these genes are dispensable for cell divisions shortly after fertilization, but they become essential in peri-gastrulation mouse embryos. ATR−/− embryos develop to 3.5 dpc, but die between implantation (after 4.5 dpc) and 7.5 dpc, which encompasses the peri-implantation stages under discussion. Chk1−/− embryos die between 3.5 and 7.5 dpc, which again encompasses the peri-gastrulation stages [75, 76] . In culture, cells from ATR mutant embryos display defects that are consistent with cell division problems, such as small size, decreased proliferative index and chromosome fragmentation [77] . As in the case of fly embryos, the reason for the requirement for ATR and Chk1 in mouse embryogenesis remains unclear. Nonetheless, it would be interesting to know if ATR and Chk1 homologs play essential roles during rapid cell cycles in other phyla.
The rapid early embryonic cycles of the fly share another unusual feature with the perigastrulation cell cycles of the mouse egg cylinder. During the early cycles in Drosophila, embryos are remarkably radiation sensitive. The dose of ionizing radiation that kills 50% of embryos undergoing cleavage divisions is about 250 Rads, compared to ~4000 Rads in larvae [78, 79] . Detailed analysis of the timing of the change in sensitivity showed that embryos develop a much increased radiation tolerance at the close of the rapid mitotic cycles. Real time analysis following irradiation revealed that early embryos fail to arrest progress into mitosis within the cycle in which they are irradiated, and that they show severe defects in subsequent mitosis [68, 80] . Interestingly, the cell cycles of gastrulating mouse embryos also lack a checkpoint response that inhibits mitosis in the presence of DNA damage [65] . Rather than execute a cell cycle delay, these cells readily commit cell death, reminiscent of the radiation sensitivity of the cleavage stage fly embryo. Consequently, cells of mouse embryos show higher sensitivity to killing by ionizing radiation during gastrulation than at an earlier stage. Likewise, cells of the frog embryo show higher sensitivity to killing by ionizing radiation during cleavage cycles than at later stages [81] . Although more complete time courses are needed, the results suggest that embryonic cells are unusually sensitive to radiation during the rapid cell cycles. It will also be of interest to determine whether the inability to regulate the entry into mitosis in response to damaged DNA is a feature shared by rapidly cycling embryonic cells of different phyla. While many aspects of the roles of the checkpoint genes in the embryonic cycles need to be defined, it is striking that the early cleavage cycles of model organisms share with the peri-gastrulation cycles of mammals a unique requirement for the checkpoint pathway and an especially high sensitivity to irradiation.
Post-Fertilization Cycles in Mammalian Embryos May Have Been Derived from Pre-Fertilization Processes
If peri-gastrulation cell cycles of mammals are equivalent to the cleavage of early embryos in other metazoa, why are they not seen immediately following fertilization? In mice and humans, divisions immediately after fertilization do not produce the embryo proper but extra-embryonic tissues that will supply nutrients to the embryo. Two generations of primary extraembryonic tissues are produced before the mammalian embryo initiates events of embryogenesis: the post-fertilization divisions produce a blastocyst composed of a sphere of trophectoderm (extraembryonic) and inner cell mass (ICM), and later (4 days into mouse embryogenesis) the ICM produces the primitive endoderm (extraembryonic) and the primitive ectoderm (embryonic) [37] . The first generation of extraembryonic tissue, the trophoblast, will differentiate into the placenta and the chorion, while the later formed primitive endoderm/hypoblast will first differentiate into parietal and visceral endoderm and later into the yolk sac (Figure 3) . Thus, strictly speaking, the divisions that immediately follow fertilization are not embryonic divisions yet, but rather produce tissues involved in nourishing the embryo.
In most vertebrates, it is the yolk sac that performs the nutritive role. In meroblastic embryos, which are derived from yolk laden eggs and have incomplete early cytokinesis (e.g. chick), the yolk sac, true to its name, sits at the interface with the abundant yolk and harvests yolk material to provide for the embryo. These organisms lack the first wave of extraembryonic tissue generation and show no evidence of a trophoblast [62, 82] . The primitive placenta of sharks and viviparous reptiles is formed by a secondary specialization of the yolk sac which serves a dual role of providing nutrients first from the yolk and then from the mother. While the yolk sac retains some nutritive functions in mammals in which it functions to take up material from uterine fluid, the trophoblast-derived placenta performs the major nutritive role. It appears as if evolution has added a new stage to early embryogenesis in order to generate this nutritive organ. It is of interest to consider whether the trophoblast had an evolutionary precursor and if so, what it might be.
Given arguments that the cavity of the blastocyst is analogous to an empty yolk vesicle (see above; Figure  2,3) , perhaps the evolutionary precursors of the trophoblast cells will surround the yolk mass in the predecessors of mammals. In mammals, the cavity of the blastocyst comes to be surrounded by two layers of cells; the shell of trophoblastic cells defines this cavity and cells derived from the primitive endoderm/ hypoblast migrate over the inner surface of the trophoblast to form the second layer, the yolk sac. In the embryos of birds, hypoblast cells migrate over the surface of the yolk to form the yolk sac, but there is no overlying tissue analogous to the trophoblast. However, earlier, during oogenesis, there are maternally derived granulosa cells surrounding the yolk. These cells comprise a monolayered epithelium that contributes to the extraordinary accumulation of yolk during oogenesis. In summary, it appears that the trophoblast is a novel feature of embryogenesis that was added during the evolutionary history of mammals. Birds and presumably reptiles, though lacking any obvious zygotic analog of the trophoblast, possess maternal tissue that is spatially and physically analogous.
How was the developmental program modified to introduce a new stage and accommodate the trophoblast? The above comparison to chick as well as broader evolutionary considerations suggest how this change may have occurred. In contrast to mammalian eggs, the eggs of non-uterine animals grow to very large sizes during oogenesis. The huge expansion of the oocyte is promoted by specialized nutritive tissues. Detailed analysis, largely outside chordates, shows that there are two categories of nutritive cells, nurse cells and follicle cells. In diverse organisms, nurse cells are sister cells of oocytes (e.g., the beetle, Dytiscus or the leech, Pisciola; [21] ). In chordates, the differentiating oocytes appear to recruit cells that become the granulosa cells or follicle cells that perform this nutritive role [83] . However, the lineages that give rise to granulosa cells in different chordates and their relationship to the nurse cells and follicle cells of non-chordate species are ill defined. We speculate that in non-mammalian chordates at least some of the granulosa cells are sister cells of the oocyte, much like the nurse cells in other phyla. If, during the evolution of mammals, a change in the timing of events occurred, so that meiosis and fertilization shifted to precede the cell divisions that separated the later derived granulosa cells form the oocyte, some of the granulosa cells, namely the one's produced late in the lineage, would then be produced after fertilization. According to this scenario, these zygotically produced 'granulosa cells' would be the trophoblast cells. They would continue to perform a nutritive function but now would be providing nutrition to the developing embryo rather than the oocyte. Though speculative, this hypothesis explains features of early mammalian development beyond the origins of the trophoblast. For example, the transition to the small size of the mammalian egg could be explained by its 'precocious' maturation. Furthermore, the switch from maternally regulated to zygotically regulated early development would follow from the change in relative time of fertilization, which would switch many events from pre-fertilization to post-fertilization. An adaptation leading to viviparous fish reveals another case in which the relative timing of fertilization is altered. In some viviparous fish (some Poecilid teleosts), the egg is fertilized within the follicle and is supported through embryonic development within the follicle prior to 'ovulation'/birth [84] .
Our proposal would predict that early zygotic development of mammals might resemble steps in follicular development in monotremes (e.g. Platypus), birds, reptiles and other non-therian species. In the formation of chordate follicles, the developing oocyte and a few 'granulosa cells' are isolated within a basement membrane, the granulosa cells begin to form an epithelium on the outside and the oocyte grows on the inside (e.g. According to the proposal made here, the early cell cycles of mammalian eggs would not be analogous to the cleavage cycles in other embryos, but to cell divisions producing the oocyte and its sister cells. While we have been unable to locate, among published works, descriptions of these events in the non-mammalian chordates, these events are well known in Drosophila. Four cell divisions of a precursor cell produce the oocyte and the 15 nurse cells that populate a Drosophila egg chamber. These four egg chamber divisions take on average 6 hours per cell cycle, much longer than early cleavage cycles [88] . Based on our proposal that the timing of fertilization is displaced with respect to other events in mammals, we propose the speculative alignment shown in Figure 2 .
A Precedent for Our Proposal
Biology provides an independent example of deferred development and of production of extraembryonic tissues. Like the embryos of uterine animals, the embryos of parasitic wasps develop in a highly nutritive environment. After fertilization, the eggs of Copidosoma floridanum undergo dramatic growth and proliferation to produce multiple twin embryos within the hemolymph of parasitised caterpillars [89] . To accomplish this, embryonic patterning and gastrulation are deferred, in a similar manner as in mammalian development. Additionally, these embryos possess extraembryonic membranes [90] . These membranes develop from polar nuclei, the reduction nuclei of meiosis that are usually discarded. In this organism, it is unambiguous that the events represent a deferral of embryonic development because the later patterning of the multiple twinned embryos can be clearly aligned with the developmental programs of other insects. Thus, it is undeniable that deferral of early embryonic programs evolved at least once. We propose that mammals represent a second example.
The establishment of analogies between model systems and mammalian development extends the impact of studies in model organisms. In the view presented in this article, the studies of rapid cell cycles in frogs and flies will directly benefit the understanding of mammalian embryonic cell cycles.
